• In the MESA cohort, greater trabeculation of the left ventricle is associated with worse myocardial strain (B=4.0% per unit fractal dimension increase in trabeculation; p<0.0001).
Advances in knowledge
• In the MESA cohort, greater trabeculation of the left ventricle is associated with worse myocardial strain (B=4.0% per unit fractal dimension increase in trabeculation; p<0.0001).
• In the MESA cohort, greater left ventricular trabeculation is not associated with myocardial fibrosis as measured by native and post contrast T1 mapping cardiac MR.
Implications for patient care
• 21% (230/1123) of MESA participants have excess trabeculation of the left ventricle exceeding the current diagnostic threshold for left ventricular non compaction disease using fractal analysis with a cut-off of FD ≥1.3.
• Excess greater LV trabeculation is associated with decreased average regional myocardial function as measured by myocardial strain.
Summary statement
Average regional myocardial function is worse in individuals with greater LV trabeculation.
Introduction
The trabeculae carneae are a network of slim columns of myocardial cells covered by endocardial cells at the luminal surface of the left and right ventricle. During embryonic cardiac development, trabeculae form by invagination of cardiomyocytes into the lumen (1).
Trabeculated myocardium functions to increase cardiac output and enable oxygen supply prior to coronary vascularization. As the myocardium develops, trabeculae compact leading to an increase in thickness of the compact myocardium, that represents the major part of myocardial mass of the mature heart. Simultaneously coronary vessels develop (1) .
Abnormal trabecular compaction is a diagnostic imaging feature of left ventricular noncompaction cardiomyopathy (LVNC), a rare primary genetic cardiomyopathy characterized by excess myocardial trabeculation more than twice as thick as the underlying myocardial wall (2) . LVNC is associated with heart failure, regional wall motion abnormalities and myocardial fibrosis (3) (4) (5) (6) (7) (8) (9) (10) (11) . However, individuals without overt cardiovascular disease and normal cardiac function frequently show excess trabeculation; over 30% of normal individuals have a ratio of noncompacted to compacted myocardium greater than 2.3 (12) . In such individuals, the clinical significance of excess trabeculation as a sign of current or future disease expression is not currently understood. Mechanistically, it would seem likely that regions of hypertrabeculated myocardium may have lower contractility compared to normal myocardium. However the relationship of hypertrabeculated myocardium to contractile function and fibrosis in individuals without LNVC disease is currently unknown.
The ratio of the thickness of noncompacted (NC) versus compacted (C) myocardium (NC/C) is a simple and fast method to quantify trabeculation that is currently most widely used (13) . A more comprehensive measure of LV trabeculation can be performed by fractal analysis (14) . The fractal dimension is a unitless index to assess endocardial complexity (14, 15) . The maximal FD in the apical half of the LV (FD) is higher in patients diagnosed with LVNC compared to healthy volunteers (14) . Compared to the calculation of the NC/C ratio, the fractal method has been demonstrated to be more accurate and reproducible (14) .
Although the importance of detecting excess trabeculation is reasonably well understood in overt LVNC disease, the significance of this common finding is not understood in individuals who do not have overt clinical cardiomyopathy. We hypothesized that myocardial strain is impaired in subjects with greater trabeculation and may be associated with diffuse fibrosis. Therefore, the purpose of our study was to determine if excess greater LV trabeculation is associated with decreased average regional myocardial function and/or diffuse fibrosis.
Materials and Methods

Study participants
This study was approved by the institutional review boards of each of the participating field sites in the United States, and all participants provided written informed consent. All sites were Health Insurance Portability and Accountability Act-compatible.
The Multi-Ethnic Study of Atherosclerosis (MESA) is an ongoing population-based longitudinal study initiated in July 2000. At enrollment, study participants were free of clinically recognized cardiovascular disease (16). Ten years after baseline examination, 3015 subjects had an additional cardiac MR exam and a subset of those had regional function assessment (using MRI tagging), late gadolinium enhancement (LGE) imaging and T1-mapping. Participants with a focal myocardial scar on LGE imaging were excluded since 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 focal LGE is associated with regional myocardial dysfunction, which would otherwise confound the analysis. In addition, participants with inadequate MR image quality hampering analysis and missing data were also excluded ( Figure 1 ).
In a previous publication (17) the range of fractal dimension and its determinants were described for 2547 subjects of the MESA population. The current study focusses on the analysis of the relationship between the fractal dimension and average regional myocardial function and diffuse myocardial fibrosis, respectively in a subset of these participants.
Cardiovascular MR
Cardiac MR exams were performed at the six MESA field centers on 1.5 Tesla MR scanners as previously described (18, 19) . In brief, electrocardiogram (ECG) gated long and short axis (SAX) cine images were acquired using a steady-state free precession (SSFP) sequence with temporal resolution ≤40msec, 8mm slice thickness, 2mm gap, repetition time 
Image evaluation
LV volumes and function were measured using CIM software version 6.2 (Auckland, New Zealand) (20) . FD was measured on SAX cine SSFP images (figure 2) (by G.C. with 6 years of experience in cardiac MR imaging) as described previously (17) . In brief, afer image segmentation to identify the endocardial border, the FD of the endocardial border was calculated using a box counting method. Maximal apical FD (FD) was the maximum value derived from the apical half of the LV stack. Thickness of the compact and noncompact Tagged short axis slices were analyzed using Harmonic Phase software (Diagnosoft, Palo Altro, CA) (22) . Peak regional systolic circumferential strain (Ecc) was calculated for 12 segments: anterior, inferior, septal, and lateral at basal, midcavity and apical level (23). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Probability values <0.05 were considered statistically significant. Statistical analysis was performed using SPSS statistical software (version 23) and STATA (version 14.0). Table 1 indicates the population demographic characteristics, traditional cardiovascular risk factors and mean and standard deviation of the cardiac MR variables for subjects included in the analysis of the relationship between trabeculation and strain and T1-time, respectively. There were no clinically relevant differences in demographics between the subsets of subjects included in the analysis and the 1840 subjects of the MESA 230/1123 (21%) subjects had a FD of ≥1.3, considered the threshold for LVNC using fractal analysis (14) . For comparison, 33% (247/745) of subjects had a NC/C >2.3, which is considered the cut-off for LVNC in cardiac MR imaging (13). Table 2 shows demographic characteristics, traditional risk factors and cardiac MR measures stratified by FD. Participants with a higher FD were more likely to be male and of Black or Hispanic ethnicity while the proportion of Chinese was higher in the lower quartiles. Subjects in the quartiles with higher FD were taller, had a higher body weight, were more likely to have diabetes, had on average a higher systolic blood pressure and were more likely to be smokers. Mean HDL cholesterol tended to be lower in higher FD -Quartiles while total cholesterol was lower. There were no statistically significant differences in LVEDV and LVEF between quartiles of FD. Circumferential strain tended to be more positive (indicating worse regional function) with increasing FD -quartile (figure 3).
Mean peak Ecc was calculated as the mean of the 12 segments in cases where
Results
Participant characteristics
Relationship between trabeculation and circumferential strain
In univariate analysis, a higher maximal apical FD was associated with more positive 
Relationship between fractal dimension and T1-time and ECV, respectively
In univariate analysis and multivariable models (n=992) maximal apical FD was not associated with pre-contrast T1-time nor with T1 time at 12 minutes and 25 minutes after contrast administration. There was no association of FD with ECV persisting in multivariable analysis.
NC/C was not associated with pre-contrast or post-contrast T1 times (n=650) nor ECV (n=372) (p>0.05 for all). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Relationship between left ventricular trabeculation and average regional myocardial function
The present study supports the hypothesis that LV function is at least in part dependent on the degree of trabeculated myocardium. In the MESA cohort, subjects with highly trabeculated LV myocardium had worse average regional function. This relationship was found even after adjustment for demographic and clinical factors as well as global LV function. Of interest, greater NC/C ratio was unable to detect these relationships. This supports accumulating evidence that, although NC/C ratio is easy to measure in the clinic, it is not specific (33% [247/745]of subjects in the MESA cohort with NC/C ratio >2.3). In addition, NC/C ratio is a 1-dimensional measurement at a single point in the left ventricle which does not comprehensively describe myocardial trabeculation. Fractal dimension reflects myocardial complexity in a region of myocardium, in a fashion similar to the concept of average regional myocardial strain.
In a previous publication, Zemrak et al. (24) found that subjects with abnormal NC/C ratio had no deterioration of ejection fraction over the prior 10 years. However, it is well known that ejection fraction can be normal while myocardial strain is impaired (e.g., as in the case of heart failure with preserved ejection fraction). It remains unknown if subject 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with hypertrabeculation and impaired strain will subsequently develop deterioration of global function and clinical symptoms or if myocardial dysfunction will remain stable and subclinical.
In this cohort, the average FD in the myocardial apex was 1.2. Captur et al.
previously reported patients with LVNC disease have a FD greater than 1.3 (14) indicating small changes in FD may be clinically meaningful. Similarly, myocardial strain is a sensitive measure of LV function and strain is highly conserved in normal individuals (25) . In the current study, the mean circumferential strain was -18.3%. In our unadjusted analysis, a 0.1 unit increase in FD was associated with an absolute increase of +0.6% strain, or approximately 3% of the mean value. Our sample size was sufficient to account for 14 additional variables that might affect regional function in multivariable models. Even in fully adjusted models, the association of greater trabeculation with worse average regional function remained statistically significant. Not surprisingly, less sensitive measures of trabeculation and function (NC/C ratio and ejection fraction, respectively), did not reveal these associations.
Relationship between left ventricular trabeculation and measures of diffuse myocardial fibrosis
In previous publications focal myocardial fibrosis has been described as a feature of LVNC (4, 5, 8, 10) . Besides these reports of focal fibrosis/scars in LVNC, in a study by Jenni et al histopathology revealed also interstitial fibrosis as a finding in 6 of 7 hearts diagnosed with LVNC (26) . In a study recently published by Zhou et al, subjects with a diagnosis of LVNC had a significantly longer native T1-time (used as surrogate of diffuse myocardial fibrosis) compared to healthy volunteers independent of the presence of LGE (27) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In this context our aim was to investigate the relationship between extent of trabeculation and diffuse myocardial fibrosis using T1-time and ECV, respectively measured by cardiac MR as surrogate. However, in our subset of study participants without known cardiovascular disease at enrollment there was no association between trabeculation and native or post contrast T1-time or ECV.
Participants in our population-based study had a broad spectrum of trabeculation.
The FD in the highest quartile was between 1.24 and 1.45. Twenty one percent (21%, 230/1123) of our subjects had a FD ≥1.3, previously defined as the threshold for LVNC and 33% [247/745] of subjects in this study had a NC/C ratio >2.3, still widely used as cut-off for LVNC in cardiac MR imaging. This discrepancy is explained by a lack of diagnostic criteria for a LVNC with a high specificity. The current criteria focus on thickness or amount of trabeculation. Given the overlap with normal population and the results of this study, improved LVNC criteria may incorporate some measurement of systolic function (28) and/or morphologic criteria such as the presence of a layer of tissue between the noncompacted myocardium and the ventricular cavity (29). The current study shows once more that revision of the current criteria is required to distinguish between LVNC disease as a genetic disorder and morphologically hypertrabeculated LV.
A limitation of this study is the cross-sectional design, which precludes a causal interpretation of the results. It remains unclear if hypertrabeculation leads to a deterioration of average regional function or if increased trabeculation might be an adaptive process resulting from an impaired function. The latter would be of biological interest as it would suggest that LV trabecular patterning imprinted at birth, is modulated throughout life as a consequence of cardiac loading and other haemodynamic conditions. Characteristics of subjects available per analysis. Values are mean ± SD or n (%). HDL, high-density lipoprotein; Lipid medication, lipid-lowering medication; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; Ecc, peak regional systolic circumferential strain; FD, fractal dimension; T1 pre, myocardial T1 time prior to contrast administration; T1 12min, myocardial T1 time 12min after contrast administration; T1 25min, myocardial T1 time 25min after contrast administration; ECV, extracellular volume; *n=544 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199 RADIOLOGY   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
